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THE UTILITY OF ACORN BARNACLES (CRUSTACEA: CIRRIPEDIA: 
SESSILIA) IN FORENSIC INVESTIGATIONS IN MARINE ENVIRONMENT 
DANEA E. PIRTLE 
ABSTRACT 
Estimating the minimum time since death (minimum Post Mortem Interval, 
minPMI) is a necessary part of a forensic investigation. Besides the coroner’s assessment 
of the typical signs of death, minPMI can be estimated using forensic entomology, the 
scientific discipline that considers insects and other arthropods that colonize the remains. 
In an aquatic environment, insects, as well as crustaceans, have the potential to provide 
data regarding the time spent in water of the remains (FT, floating time and PMSI, Post 
Mortem Submersion Interval), and this can also assist in determining the minPMI.  
Barnacles (Crustacea: Cirripedia) are common crustaceans that colonize hard substrates in 
marine environments and they can often be found in association with human and animal 
remains floating in the sea. The scientific literature reports that barnacles are typically 
found colonizing shoes. Barnacles can colonize both floating remains and submerged 
remains and their growth rate is dependent on the water temperature. Despite their potential 
to be indicative of the FT and/or PMSI, at present research is deplete and only a few case 
studies have considered it for this purpose. 
The present research is focused on the barnacle colonization of different type of 
shoes (sport vs patent leather) placed in the sea (Boston Harbor, Boston, Massachusetts). 
The objectives of this study are 1) identification of the species of barnacles that colonize 
		 vi 
shoes; 2) identification of the settlement preferences of the barnacles associated with the 
shoes; 3) determination of the growth rate of the barnacles associated with the shoes.  
This research as initially conducted in early March 2016, with 64 sport and 64 patent leather 
shoes placed in the Boston Harbor at -8/-10 meters below the sea level. Four of each shoe 
type were collected every two weeks from April 2016 to November 2016 inclusive. Each 
shoe was photographed and the barnacles and other sea life colonization was documented. 
Individual barnacles from each shoe were sampled and measured to determine species, age 
as well as the overall colonization density and settlement preference. Data loggers were 
placed with the shoes to record temperature throughout the course of the study.  
Results show that Amphibalanus improvisus (Darwin) (Crustacea: Cirripedia: 
Sessilia) colonized the vast majority of shoes.  Colonization occurred quickly and 
continued throughout the study period.  A significant difference in colonization densities 
was found between the sport and patent leather shoes, with the patent leather seeing higher 
densities. Barnacles also showed preferential colonization of specific sections on both shoe 
types.  Overall, higher quantities of barnacles were found on the exterior and bottom of 
shoes and low quantities of colonization on the inside, tongue, and laces. Barnacle growth 
was found to be significantly affected by water temperature.  Statistical analysis of the 
effect of water temperature, time in the water, and shoe type on the size of the largest 
barnacle revealed a highly significant effect of temperature and shoe type but no significant 
effect of time.  As well, time and shoe type had a highly significant effect on the total 
number of barnacles per shoe, whereas water temperature did not.   
 
		 vii 
 
TABLE OF CONTENTS 
 
TITLE……………………………………………………………………………………...i 
COPYRIGHT PAGE……………………………………………………………………...ii 
READER APPROVAL PAGE…………………………………………………………..iii 
ACKNOWLEDGMENTS  ................................................................................................ iv 
ABSTRACT ........................................................................................................................ v 
TABLE OF CONTENTS ................................................................................................ viiii 
LIST OF TABLES ............................................................................................................ iix 
LIST OF FIGURES ............................................................................................................ x 
LIST OF ABBREVIATIONS ......................................................................................... xiiii 
INTRODUCTION .............................................................................................................. 1 
METHODS ......................................................................................................................... 7 
RESULTS ......................................................................................................................... 10 
DISCUSSION ................................................................................................................... 13 
APPENDIX A ................................................................................................................... 18 
APPENDIX B ................................................................................................................... 31 
LIST OF JOURNAL ABBREVIATIONS ....................................................................... 32 
		 viii 
REFERENCES ................................................................................................................. 33 
CURRICULUM VITAE ................................................................................................... 38 
 
  
		 ix 
LIST OF TABLES 
 
 
Table Title Page 
1 Number of shoes colonized by shoe region 31 
 
  
		 x 
LIST OF FIGURES 
 
 
 
Figure Title Page 
1 Acorn barnacle life cycle 18 
2 Example of Sport shoe photographed from right side 19 
3 Example of Patent leather shoe photographed from right 
side 
19 
4 Study location, Boston harbor at the Massachusetts Sate 
Police Marine Unit, Boston, Massachusetts 
20 
5 Regions of patent leather shoe 20 
6 Regions of sport shoe 21 
7 Cluster on Amphibalanus improvisus found on external 
part of patent leather shoe 
22 
8 Cluster on Amphibalanus improvisus found on external 
part and outsole of patent leather shoe 
23 
9 Cluster on Amphibalanus improvisus found on external 
part and outsole of patent leather shoe removed on 
11/2/2016 
24 
10 Cluster on Amphibalanus improvisus found on sole of 
patent leather shoe removed on 9/21/2016 
25 
		 xi 
11 Cluster on Amphibalanus improvisus found on outsole of 
sport shoe removed on 9/21/2016 
25 
12 Adult Amphibalanus improvisus found on external part of 
sport shoe removed on 10/19/2016 
26 
13 Adult Amphibalanus improvisus and attachment scar 
found on external part of patent leather shoe removed 
9/7/2016 
27 
14 Slipper limpet and red algae staining found on external 
part of patent leather shoe removed 10/5/2016 
27 
15 Sport shoe removed on 8/10/16 with heavy ascidian 
colonization 
28 
16 Water temperature in Boston Harbor from April 2016 to 
November 2016 
29 
17 Large Amphibalanus improvisus found with newly 
colonized Amphibalanus improvisus on external part of 
patent leather shoes removed on 11/2/2016 
30 
 
 
  
		 xii 
LIST OF ABBREVIATIONS 
 
BU ............................................................................................................ Boston University 
CI......................................................................................................... Colonization Interval  
FT .................................................................................................................... Floating Time 
PMI ....................................................................................................... Postmortem Interval 
PMSI ................................................................................. Postmortem Submersion Interval 
PSU .................................................................................................... Practical Salinity Unit 
	1 
INTRODUCTION 
 
 Aquatic environments can be especially difficult for forensic 
investigations. Bodies typically near the water by means of homicide, suicide, accidents, 
or natural disasters (Hobischak and Anderson 2002).  In instances of homicide, bodies 
may be left in the water after drowning or may be dumped into the water in order to cover 
up the crime. Natural disasters, such as flooding or tsunamis, often cause large amounts 
of bodies to become displaced and can relocate them large distances. Aquatic 
environments are highly variable and can result in varying rates of decomposition 
(Hobischak and Anderson 2002). Environmental factors that affect the rate of 
decomposition in water include, but are not limited to, water temperature, salinity, water 
depth, current flow, the season of submergence, availability of body to scavengers and 
insects, water chemistry, and aquatic microbiome (Hobischak and Anderson 2002). Most 
research into decomposition has been for terrestrial systems rather than aquatic 
decomposition. This is possibly due to the difficulty of carrying out research projects in 
an environment that requires specialized personnel and equipment and where remains 
tend to move from the initial location of the study (Anderson 2009). Furthermore, results 
of experiments may show highly variable results even in similar aquatic environments, 
due to the type of remains involved as well as causes of death (Haglund 1993, Davis and 
Goff 2000, Hobischak and Anderson 2002, Heaton et al. 2010, Barrios and Wolf 2011).  
However, in general, when bodies are left in water, they go through several stages of 
decomposition in water, including 1) submerged fresh, 2) early floating, 3) floating 
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decay, 4) bloated deterioration, 4) floating remains, and 5) sunken remains (Haglund 
1993). The submerged fresh stage is marked by the body remaining completely 
submerged and stiff due to colder temperatures (Haglund 1993).  During the early 
floating stage, putrefaction increases the corporal volume of the body causing floatation 
(Haglund 1993). The body begins to deteriorate and fall apart during the floating decay 
and bloated deterioration stages (Haglund 1993). Remains begin to harden and desiccate 
during floating remains and eventually sink and disperse as sunken remains (Barrios and 
Wolf 2011).  
Bloating in water can occur in as quickly as two days in warmer temperatures and 
as slowly as 3 weeks in colder temperatures (Haglund 1993). Bloating is highly 
dependent on water pressure and the buoyancy of the body (Haglund 1993). Bloating 
occurs as decomposition gasses within the body expand, increasing the buoyancy of the 
remains (Haglund 1993). Colder temperatures at deeper water levels tend to slow 
decomposition (Mateus et al. 2013). However, due to water pressure at depth, some 
bodies may not float if deposited at too deep a level (Mateus et al. 2013).  Prior trauma 
can also prevent floatation as trauma allows venting of decomposition gasses responsible 
for flotation (Higgs and Pokines 2013). Bodies may also not float if clothed in heavy 
material or if the lungs are filled with water from drowning (Pampin and Rodriguez 2001, 
Mateus 2013). Floating bodies can be colonized by terrestrial insects which speed up 
decomposition (Haglund 1993). Intervals of floating and submergence can affect the Post 
Mortem Submersion Interval (PMSI) since decomposition occurs at different rates on the 
sea floor versus the surface of the water (Pampin and Rodriguez 2001, Mateus 2013).  
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Decomposition occurs at a slower rate in aquatic systems than terrestrial 
environments (Hobischak and Anderson 2002). This is due to the absence of fly larva 
masses (Hobischak and Anderson 2002). While insects are the most commonly used 
arthropods as indicators of time since death (minimum Post Mortem Interval, minPMI) in 
terrestrial and freshwater environments, there are very few insects found in saltwater 
environments (Hobischak and Anderson 2002). Arthropod and aquatic invertebrate 
succession have been used to estimate postmortem intervals in aquatic systems (Merritt 
and Wallace 2000, Hobischak and Anderson 2002, Byrd and Castner 2010, Barrios and 
Wolf 2011, Magni et al. 2013,). Succession of invertebrate is seasonally dependent 
(Hobischak and Anderson 2002, Magni et al. 2013).   
The most common arthropods of forensic importance in salt water are crustacean, 
such as crabs, crayfish, and barnacles (Merritt and Wallace 2000). While crabs and 
crayfish are motile organisms, barnacles are sessile organisms; sessile organisms attach 
permanently to substrates. (Bytheway and Pustilnik 2013, Magni et al. 2015). Barnacles 
go through three main life phases (Figure 1).  After fertilization occurs, eggs hatch into 
larvae.  They begin life as nauplius larvae which later develop into cyprid larvae.  During 
both of these nektonic, or swimming phases, larvae swim freely seeking out potential 
colonization sites. These phases can last from as little as seven days up to eight months 
depending on species and environmental factors (Sorg et al. 1997, Bytheway and 
Pustilnik 2013).  Once an acceptable site is chosen, cyprid larvae attach and 
metamorphosis in juvenile barnacles (Anderson and Underwood 1994, Sorg et al. 1997, 
Bytheway and Pustilnik 2013, Magni et al. 2015).  Once attached, they remain on the 
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substrate permanently barnacles (Anderson and Underwood 1994, Sorg et al. 1997, 
Bytheway and Pustilnik 2013, Magni et al. 2015, Pokines and Higgs 2015).  Barnacles 
are considered foundation species and typically establish colonies on substrates quickly 
(Yakovis et al. 2013). Colonization and recruitment of barnacles are temperature 
dependent; colder temperatures in winter, fall, and spring lowers recruitment rates 
(Yakovis et al. 2013). Continued colonization is affected by population size, not 
individual barnacle size. The length of colonization is dependent on the life span of the 
barnacle species because barnacles do not colonize pre-existing communities (Chalmer 
1982). Barnacles prefer to colonize dark, rough, surfaces that offer more protection and 
surface area (Anderson 1994).  Barnacle growth and colonization are typically higher in 
wave exposed areas and areas where the water column has higher concentrations of 
chlorophyll a (Bertness et al. 1991, Burrows et al. 2010).  Growth is dependent on the 
availability of food and the delivery rate of food (Bertness et al. 1991, Sanford et al. 
1994, Burrows et al. 2010). Higher food concentrations and increased wave action allows 
for higher food delivery and typically results in faster barnacle growth and reproduction 
(Bertness et al. 1991, Sanford et al. 1994, Burrows et al. 2010). Barnacles often colonize 
areas in conjunction with other marine species, e.g. polychaetes, bivalves, and bryozoans 
(Anderson and Underwood 1994, Pokines and Higgs 2015). The size and shape of acorn 
barnacles, in particular, can change based on the substrate they adhere too. Barnacles that 
attach to other barnacles tend to be smaller than those attached directly to substrates 
(Silina and Ovsyannikova 2000). Barnacle growth also slows as a barnacle ages (Silina 
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and Ovsyannikova 2000). Barnacles are comprised of two main orders, Sessilia (acorn) 
and Pedunculata (goose-neck) (Higgs and Pokines 2013).  
Several studies have estimated the PMSI of human remains found in marine 
environment using the presence and the growth of several barnacle species (Sorg et al. 
1997, Dennison et al. 2004, Bytheway and Pustilnik 2013, De Donno et al. 2014, Magni 
et al. 2015). Bytheway and Pustilnik (2013) measured glycoproteinous adhesion deposits 
as well as full barnacles from Balanus improvisus (Darwin) (Crustacea: Cirripedia: 
Sessilia) (found on a human mandible, teeth, and knee bones). It was determined, based 
on known growth rates for B. improvisus, that the minPMSI for the individual was 375-
410 days. Dennison et al. (2004) investigated specimens of Notobalanus decorus decorus 
(syn. Balanus decorus Darwin) (Crustacea: Cirripedia: Sessilia), found on a calvaria 
pulled from the east coast of New Zealand. At least two years of growth was determined 
based on the number of rings present. Based on the barnacle growth and time needed for 
skeletonization, a minimum time of submergence was determined to be 30-48 months. 
Magni et al. (2015) investigated Lepas anatifera L. (Crustacea: Cirripedia: Peduculata) 
found on the clothing of a body recovered from the Tyrrhenian sea.  An appropriate 
growth rate was utilized based on the average water temperature.  A minimum time of 
floating was calculated to be at least 65 days, based on the capitulum length. The 
capitulum is the shelled body of an adult goose-neck barnacle (Magni et al. 2015).  De 
Donno et al. (2014) also studied L. anatifera to determine PMSI for an individual 
recovered in the Adriatic Sea.  The barnacle size was consistent with a minimum of 20 
days of growth.  This PMSI estimation was in agreement with a PMSI estimation made 
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using the total aquatic decomposition score.  Sorg et al. (1997) outlined the use of 
barnacle growth to estimate PMSI in a case from British Columbia.  Balanus crenatus 
Bruguière (Crustacea: Cirripedia: Sessilia) found on a skull were measured and based on 
known growth rates it was determined to be less than a year old.  Time for 
skeletonization was added, giving an overall estimated PMSI of approximately 20 
months, part of which must have occurred in an intertidal zone.   
While there is previous usage of barnacles in forensic contexts, it is limited to 
case studies.  No experimental data into barnacle colonization and growth in a forensic 
context has been published.  It is common for bodies to entire the water fully clothed, 
including shoes, whether they enter by means of accident or homicide.  It is important to 
note that in several of the aforementioned case studies, barnacle colonization was only 
found on the clothing and/or shoes.  This is the first research involving the identification, 
the colonization and the growth rate of barnacles associated with clothing material that is 
often found on bodies in the water.  As shoes are commonly found on or associated with 
dead bodies in the water, they were deemed an appropriate substrate on which to examine 
barnacle growth.  This data will be useful in cases in which human remains and their 
garments are found in the sea.  The objectives of this study are to determine whether 
barnacles can provide accurate estimations for time spent in the water, if shoe type has an 
effect on barnacle colonization, and give forensic practitioners another tool for estimating 
the floating time (FT), PMSI and minPMI.  
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METHODS  
 
A total of 128 size 13 children’s shoes of two types, 64 sport and 64 patent 
leather, were purchased from an online shop (Payless.com®). Both shoe types had laces, 
but the sport shoes were made of synthetic fabric with a plastic sole (Figure 2), while 
patent leather shoes were made in leather (Figure 3). Shoes were attached to both the 
inside and outside of four lobster cages (Sea Rose Trap Company, Glouster, MA) and 
were approximately 1.5x1x1 meters.  The cages were placed approximately 1.5 meters 
from each other. Each cage had thirty-two shoes attached using plastic zip ties. Shoes 
were placed at least two inches apart from each other, in alternating order. In April 2016, 
the cages were placed in the Boston Harbor at the Massachusetts State Police Marine 
Unit facility, Boston, Massachusetts, located where the Charles River meets the Atlantic 
Ocean (Figure 4).  The cages were placed at a depth of -8/-10 meters below the sea level. 
Since in this location the water is brackish and has regular tides and the tide rises on 
average 3-4 meters (National Oceanic and Atmospheric Administration 2017), the cages 
were attached to an active boat pier in close proximity to the locks opening up to the 
Charles River. A data logger (Hobo Ware) was attached to the outside of one lobster cage 
to record temperature twice a day for the duration of the study period. Salinity data was 
obtained from the Massachusetts Water Resources Authority Station 014.    
From April to May 2016 the shoes remained untouched to allow for sea-life 
colonization to occur.  Starting on May 4th, 2016, four of each shoe type were removed 
every two weeks until the end of November. Upon removal, shoes were labeled and 
stored at -20°C (Kenmore). Each shoe was photographed from above, below, and from 
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both sides. This research was specifically focused on the presence of barnacles on the 
shoes, however, the presence and the adhering location of other aquatic organisms was 
recorded as well. The maximum basal diameter of both smallest and the largest barnacle 
on each individual shoe was measured using digital calipers. The minimum number of 
barnacles adhering to each shoe was recorded. This recording was qualified as a 
minimum number of barnacles as many barnacles were less than .5 mm in length and 
difficult to visualize.  Other barnacles were partially obscured by other adhering 
organism and dense barnacle colonization, making it necessary to report a minimum 
number of barnacles present rather than an exact number of barnacles present.   
Outlines of the sport shoes and the patent leather shoes were used were produced 
to record the position and the type of the barnacles adhering on/in the shoes. Shoes were 
also divided into sections and the location of barnacle colonization was recorded based 
on section. The sections on the patent leather shoes included the insole, tongue, lacing, 
external part, outsole, sole, and heel (Figure 5). The sections on the sport shoes included 
the insole, tongue, lacing, external part, outsole, and sole (Figure 6). Barnacles specimens 
were then removed from both types of shoes and sent to a specialist for species 
identification.  
Statistical testing was performed using SPSS to establish the possible cause of 
barnacle colonization.  A univariate analysis of variance was chosen to ascertain the 
effect of multiple factors on barnacle colonization and settlement preferences.  These 
factors included water temperature, time spent in the water, shoe type, and salinity.   A 
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two-tailed T-Test assuming unequal variances was performed to discern whether there 
was a difference in barnacle colonization between the sport and the patent leather shoes.   
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RESULTS 
 
Barnacle colonization - Barnacles were observed on all sport (n=4) and patent 
leather (n=4) after 1 month since the beginning of the experiment, therefore after 1 month 
since the placement of the shoes underwater, in the experimental site. Barnacles samples 
were observed under a steromicroscope (Leica® MZ8) and were all morphologically 
identified as Amphibalanus improvisus (Darwin) (Crustacea: Cirripedia: Sessilia) 
(Darwin 1854, Tarasov and Zevina 1957, O'Connor and Richardson 1996, Sjogren et al. 
2008, Carlton et al. 2011) (Figures 7-13).  No other barnacle species adhered to any shoes 
during the time period of this experiment.  
Other organisms found adhered to the shoes included mussels (Mytilidae), 
seaweed, fungi, slipper limpets (Crepidula) (Figure 14), and sea squirts (Ascidiacea) 
(Figure 15).  Crabs and starfish were also found in close association with the shoes.   
Environmental data - Water temperature was recorded twice a day over the study 
period.  The average water temperature over the study period was 14.96C, with a 
maximum temperature of 22.0C and a minimum temperature of 4.85C (Figure 16).  For 
the purposes of data analysis, temperature data was simplified into the average water 
temperature for the amount of time a single shoe was submerged in the water.  
Measurements were obtained from March 2016 through November 2016.  The average 
salinity level during this time period was 29.532 practical salinity units (PSU), with a 
maximum of 32.31 PSU and a minimum of 15.2 PSU.   
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Barnacle settlement preferences – Barnacles were found on all patent leather 
shoes (n=64), and on 62 of the sport shoes (n=64) (Table 1).  In general, most barnacle 
colonization was found on the external part, outsole, sole, and heel of both the patent 
leather and sport shoes (Table 1).  In only one of the sport shoes, barnacles were found on 
the laces and in eleven sport shoes barnacles were found on the tongue.  In one of patent 
leather shoes were barnacles found on the laces and in eight patent leather shoes 
barnacles were found on the tongue.  On both the patent leather and sport shoes, no 
barnacles were found on the insole.  It was also noted that in both shoe types, barnacles 
found on the laces and tongue were generally smaller than those found on the other parts.  
Barnacles were found on the patent leather shoe tongues in the later sample periods, 
possibly due to lack of space on the more desirable regions.    
The average number of barnacles per patent leather shoe was 85.89 whereas the 
average number of barnacles per sport shoe was 38.73.  The average total number of 
barnacles found on the patent leather shoes was significantly higher than the average 
number found on the sport shoes (P<5.51E-07).  
Colonization and growth rate based on the environmental data – The average 
water temperature from the time the shoe was in the water has a highly significant effect 
on the size of the largest barnacles (F=26.01, df=1, P<0).  Whereas, the time spent in the 
water does not have a significant effect on the largest barnacles (F=.36, df=1, P>0.5).  
The type of shoe (patent leather vs. sport) has only a moderate effect on the size of the 
largest barnacle (F=4.01, df=1, P<0.05).  An additional test was performed to ascertain 
the affect time spent in water had on the size of the largest barnacles when the 
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temperature was not taken into account.  For this test, the time spent in the water had a 
highly significant effect (F=234.52, df=1, P<0).   
The number of days spent in the water had a highly significant effect on the total 
number of barnacles per shoe (F=8.96, df=1, P<0.01).  The average temperature from the 
time the shoes were in the water did not have a significant effect on the total number of 
barnacles per shoe (F=2.2, df=1, P>0.05). Shoe type also had a significant effect on the 
total number of barnacles per shoe (F=35.99, df=1, P<0).  When the same test was run 
with the average temperature from the time in the water and shoe type as factors affecting 
the total number of barnacles per shoe, both temperature, and shoe type had a highly 
significate effect.  (Temperature: F=28.15, df=1, P<.000; Shoe type: F=33.73, df=1, 
P<0).  
Temperature shows a highly significant effect on the size of the largest barnacles 
(F=295.12, df=1, P<0), whereas salinity does not (F=1.31, df=1, P>0.25). 
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DISCUSSION 
 
Previous case studies indicate barnacles will colonize bone, once a body has 
become skeletonized (Sorg et al. 1997, Dennison et al. 2004, Bytheway and Pustilnik 
2013), as well as clothing and shoes found on a decomposing body (De Donno et al. 
2014, Magni et al. 2015).  When using barnacles on skeletonized remains, any 
estimations must include both the barnacles’ colonization and growth period, as well as 
the skeletonization period.  The current study affirms that barnacles will also colonize 
substrates found in conjunction with human remains, in this case, shoes.  The 
applicability of estimations based on barnacles found on shoes eliminates the need to 
base estimations on the combination of barnacle colonization intervals on bone and 
skeletonization rates.  Barnacles were noted in the vast majority of the shoes (162/164), 
indicating they can be prevalent in a forensic context.  Barnacles were noted on all shoes 
at the first sample period (N=4 patent leather, N=4 sport) further indicating, in this 
environment, barnacles will colonize substrates quickly (<30 days).  This is important 
when estimating colonization intervals as the closer the time of colonization is to the time 
a substrate entered the water, the more comparable the colonization interval will be to the 
PMSI.   
In this study, the only documented barnacle colonizers of the shoes were A. 
improvisus (Darwin 1854), or commonly known as bay barnacles.  This species is known 
to inhabit the Western Atlantic as well as portions of the Pacific and Australasia (Carlton 
et al. 2011).  It is most commonly found in brackish water or near the coast in water less 
than 10 meters deep (Carlton et al. 2011). This species of barnacle commonly growns up 
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to 10 mm in diameter and is described as having a low, cone-shape (Southward 2008). 
Several barnacles sampled in the current study had basal diameters larger than 10 mm, 
indicating their upper growth limit differs based on their environment.  A. improvisus is a 
hearty species and is known to tolerate low salinity, high levels of pollution, fresh water 
exposure, and strong water currents (Darwin 1854, Tarasov and Zevina 1957).  A. 
improvisus is well documented to colonize a variety of substratum including algae, 
bivalve shells, and other living organisms (Weidema 2000, Southward 2008).  This 
species is also documented to be a successful self-fertilizer, giving them the ability to 
reproduce quickly and in large quantities (Furman and Yule 1990, Weidema 2000). 
Previous research has recorded approximately 21 days between egg production and 
hatching at 18C (Furman and Yule 1990).  Following hatching, this species goes through 
six temperature dependent nauplius stages, lasting on average one week in laboratory 
settings (O'Connor and Richardson 1996; Dahlstrom et al. 2000).  Following the 
completion of the last stage, the nauplius metamorphoses into a cyprid larvae.  Within 
approximately 3-4 days, the cyprid larvae will attach to a substrate (Sjogren et al. 2008).  
Light, water flow, substrate quality all affect cyprid colonization (Smyth 1946, De Wolf 
1973).  While it is believed that this species prefers rough surfaces to colonize (Rainbow 
1984, Shalaeva 1997), this study shows that there were higher numbers of barnacles 
found on the smooth patent leather shoes rather than the rough sport shoes.  Previous 
research recorded 10-30C to be acceptable for settlement (Bousfield 1954); the 
temperatures recorded in this study fall within or around this range.  According to the 
findings of Elfimov et al. 1995, A. improvisus reaches a maximum size within 2-3 weeks 
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of attachment.  Data from this research seems to disagree with this finding.  While the 
data clearly shows temperature is the main factor affecting barnacle size, the general 
trends show larger barnacles at with longer submersion times and smaller barnacles with 
shorter submersion times.   
The most important factor to consider when using barnacles to estimate 
colonization periods is temperature.  Over the course of the eight-month study, water 
temperature varied greatly (min 4.85C and max 22.05C).  While barnacle growth did 
proceed in a linear fashion when compared with time, univariate analysis revealed that 
temperature, not time had a significant effect on barnacle growth.  While it was apparent 
that barnacles grew larger the longer they were in the water, this growth is temperature 
dependent.  In less optimal temperature conditions, it would not be expected to see such 
regular growth.  This is very important to consider when investigating colonization 
intervals.  Considering barnacle growth as time dependent rather than temperature 
dependent would result in erroneous estimations.   
The amount of barnacle colonization is, however, dependent on the length a 
substrate spends in the water.  The longer a substrate is in the water, the more chances of 
colonization by new waves of larvae occur.  A. improvisus is a highly reproductive 
species.  In is evident in this study that multiple waves of colonization occurred 
throughout the study period.  There was no one initial colonization as newly colonized 
barnacles were noted on shoes with that were submerged for eight months (Figure 17).  
A. improvisus is known to survive in low salinity waters.  Average salinity levels 
in the Boston Harbor are slightly lower than in other parts of the Atlantic Ocean 
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(Massachusetts Water Resource Authority 2017).  While this may discourage other 
barnacle species from colonizing in this environment, bay barnacles are able to thrive.  
As fluctuations in salinity were not excessive and A. improvisus is not known to be 
affected greatly by salinity levels, it is not unexpected that salinity levels did not affect 
barnacle growth significantly.  For investigations involving more sensitive species, 
salinity should be considered as a factor of barnacle growth.   
Ascidians were noticed to colonize both shoes starting in July and continuing 
throughout the remainder of the study period.  The point of highest colonization was 
noted to be from August to September.  A visual assessment of the colonized shoes 
indicated higher amounts of ascidians colonized on the sport shoes than on the patent 
leather shoes.   It is possible that the porosity of the sport shoes surfaces allowed for 
easier adherence for the ascidians.  While it was originally believed that the ascidians 
were possibly out-competing barnacles for colonization surface, no large decrease was 
seen in barnacle colonization for the sample periods within the noted ascidian 
colonization time period.  While the ascidians did seem to colonize the sport shoes in 
greater quantities, the decrease in the total number of barnacles found on the sport shoes 
in comparison to the patent leather shoes is seen throughout all sample periods.   These 
totals are significantly related to shoe type rather that competitive species colonization.  
No other noted species, found in association with the shoes, seemed to have any 
relevance for estimation of colonization intervals or minPMSI.   
There is further research required in this area.  Similar to any type of PMI 
estimation based on insect growth, it will be necessary to collect growth data for specific 
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species in specific environments.  It is well established in the field of forensic 
entomology that environment and temperature can have varying effects on the growth 
rates of species.  This is also true for barnacles since growth is significantly affected by 
temperature.  In order to make accurate colonization interval estimations in a forensic 
context based on barnacle growth, the growth of that species at a known temperature 
must be identified.   
The authors realize that not all bodies go into the water wearing shoes, it would 
also be necessary to determine barnacle colonization on other substrates that can be found 
in forensic contexts, such as common clothing materials.  As this study was limited by 
time, it is unknown how the identified barnacles grow in the colder winter months.  For 
longer PMSI’s, it would be necessary to know if growth subsides during winter, 
continues at a slower rate, or continues at a similar rate to the warmer months.   As the 
data from this study shows, water temperature is the most significant factor in affection 
barnacle growth.  In areas where there are large differences in temperature throughout the 
years, barnacle growth would most likely be less constant than areas with more consistent 
annual temperatures.   
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APPENDIX A 	
		
Figure 1: Acorn barnacle life cycle 
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Figure 2: Example of Sport shoe photographed from right side 	
	
	
Figure 3: Example of Patent leather shoe photographed from right side 	
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Figure 4: Study location, Boston harbor at the Massachusetts Sate Police Marine 
Unit, Boston, Massachusetts 
	
		
Figure 5: Regions of patent leather shoe 	
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Figure 6: Regions of sport shoe 
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Figure 7: Cluster on Amphibalanus improvisus found on external part of patent 
leather shoe 	
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Figure 8: Cluster on Amphibalanus improvisus found on external part and outsole of 
patent leather shoe 
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Figure 9: Cluster on Amphibalanus improvisus found on external part and outsole of 
patent leather shoe removed on 11/2/2016 
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Figure 10: Cluster on Amphibalanus improvisus found on sole of patent leather shoe 
removed on 9/21/2016 
 
		
Figure 11: Cluster on Amphibalanus improvisus found on outsole of sport shoe 
removed on 9/21/2016 
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Figure 12: Adult Amphibalanus improvisus found on external part of sport shoe 
removed on 10/19/2016 
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Figure 13: Adult Amphibalanus improvisus and attachment scar found on external 
part of patent leather shoe removed 9/7/2016 
 
 
 
Figure 14: Slipper limpet and red algae staining found on external part of patent 
leather shoe removed 10/5/2016 
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Figure 15: Sport shoe removed on 8/10/16 with heavy ascidian colonization 	
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Figure 16:  Water temperature in Boston Harbor from April 2016 to November 
2016 	
0
5
10
15
20
25
1-Apr 1-May 1-Jun 1-Jul 1-Aug 1-Sep 1-Oct 1-Nov
Tempe
rature	
in	C
Date
Water	Temperature	over	study	period
	30 
	
	
Figure 17: Large Amphibalanus improvisus found with newly colonized 
Amphibalanus improvisus on external part of patent leather shoes removed on 
11/2/2016 
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APPENDIX B 			
Table 1: Number of shoes colonized by shoe region 
 
	 Patent	leather	(n=64)	 Sport	(n=64)	
#	of	shoes	colonized	in	
any	region	
64	 62	
Insole	 0	 0	
Tongue	 8	 11	
Lacing	 1	 1	
External	part	 64	 54	
Outsole	 50	 58	
Sole	 61	 51	
Heel	 43	 N.A.	
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